Abstract-Electromagnetic behaviour of chemical vapor deposition (CVD) graphene at low frequencies is still a mystery. No conclusion is made from the experimental point of views. We systematically investigate the electromagnetic response of graphene at microwave frequencies, which are from direct current (DC) to 40 GHz. Both a coplanar transmission line embedded with different-sized graphene flakes of 48 × 48 and 48 × 240 µm 2 and a microwave termination based on the graphene sheet of 6 × 6 mm 2 are manufactured through standard microfabrication procedures. We conclude that CVD graphene behaves as a frequency-independent surface resistance at the microwave frequencies, which is consistent with the theoretical model by rigorously solving the Maxwell's equations with the Kubo formula. The work offers a simple, accurate, and conclusive electromagnetic analysis to graphene and thus is of great help to design graphene incorporated microwave components and devices.
INTRODUCTION
In graphene, propagating electrons mimic massless Dirac fermions, which leads to a linear relation between momentum and energy [1] [2] [3] . The valence and conduction bands touch at the Dirac point with an electrostatically tunable Fermi level (chemical potential) [4, 5] . Considering these peculiar electronic characteristics, a semi-metallic surface is hence applied to describe graphene. The surface conductivity (or sheet resistance) is given by Kubo formula from the linear response theory [6] [7] [8] . According to this formula, graphene behaves like a low-loss and metal-like surface that can have a negative permittivity at terahertz and infrared frequencies if the graphene is electrically or chemically doped. Improved field localization and propagation distance of surface-plasmon polariton (SPP) can be achieved on this honeycomb carbon surface [9, 10] . Many graphene-based SPP applications such as metamaterials [11] , polarizers [12] and nanoantennas [13] have been developed, which experimentally verified the reliability and accuracy of Kubo formula at the terahertz and infrared regimes.
However, at low frequencies, i.e., radio wave and microwave frequencies, electromagnetic behaviour of CVD graphene has not yet been systematically studied and conclusively summarized. In [14] , the intrinsic resistance of mechanically exfoliated graphene is investigated up to 13.5 GHz based on a conventional parametric model. In this paper, we focus on the exploration of CVD-grown graphene which is desirable for volume production and wafer scale applications. The electromagnetic response of graphene is studied at microwave frequencies from direct current (DC) to 40 GHz through investigating graphene-incorporated standard microwave components including a coplanar transmission line and a microwave termination. The methodology of this work includes three parts: (i) theoretical rationality of describing graphene as a constant resistive surface; (ii) experimental confirmation by the measured DC sheet resistances of graphene flakes; (iii) comparisons between simulated and measured results below 40 GHz with two different graphene-based coplanar structures.
THEORETICAL ANALYSIS
According to Kubo formula, the surface conductivity of graphene (without magnetic field) is given by [7] ,
where ω is the angular frequency and μ c the chemical potential. Moreover, γ is the scattering rate, the reduced Planck constant, and T the temperature. Particularly,
Here, μ c is determined by carrier concentration tunable by the external electrical bias (or chemical doping). The first and second terms in the bracket of Eq. (1) correspond to the intraband transition and interband transition of carriers, respectively.
For graphene fabricated by chemical vapor deposition (CVD), γ is of tens of meV and μ c ranges from tens to hundreds meV [15] . For theoretical illustration, γ, μ c and T are set to be 30 meV, 400 meV and 300 K, respectively. As shown in Fig. 1 , the imaginary part of conductivity could exceed the real part of conductivity at the terahertz and infrared regimes allowing for existence of graphene plasmonics. However, when frequencies are well below the terahertz regime, the real part of conductivity plays a dominant role, which indicates that graphene behaves like a lossy material, as the scattering of free carriers are significantly enhanced at the intraband transition process. Interestingly, the surface conductivity shows frequency-independent nature below 40 GHz. In contrast to metals, the frequencydependent skin depth is negligible in graphene, since it is only an atom thick. Note that at the visible light and ultraviolet regimes, graphene also becomes lossy due to the dominated interband absorption (generation of electron-hole pairs). At microwave frequencies, intraband transition process is dominant [17] . With an ignored interband term, we recast the surface conductivity σ s into a Drude-like form
where,
where D w is called Drude weight [18] . For a given set of μ c and T , D w is a constant value. According to Eq. (2), when ω = 2πf γ, σ s is equivalently frequency-independent and equals to its DC value. Because the scattering rate for CVD graphene is above THz frequencies [15] , σ s will be unchanged at the microwave frequencies. Consequently, it is reasonable to model graphene as a resistive surface with a constant sheet resistance R s (R s = σ s −1 ). Meanwhile, the measured DC sheet resistance R s DC can be used to represent R s . In the following, two different-sized graphene flakes will be fabricated and then the measured R s DC is to be validated against theoretical results by Kubo formula.
DEVICE FABRICATION
Monolayer graphene sheet is prepared by chemical vapour deposition (CVD), in which copper foil is functioned as both substrate and catalyst [19] . After the CVD, graphene on the copper foil is transferred to the target-substrate using polymethyl methacrylate (PMMA). For graphene-embedded transmission line, the substrate adopted is 525 µm thick high-resistivity silicon (HRS) with a resistivity of 10 KΩ · cm. The quality of the transferred monolayer graphene is examined by Raman spectrum, where the ratio of peak intensity between 2D and G bands is close to 2. This ratio ensures a high-quality graphene monolayer with limited defects [20] .
After the chemical synthesis, a coplanar waveguide structure is deposited on the graphene sheet using "Process I" and "Process II" in Fig. 2(a) . "Process I" includes three stages: (i) Standard lithography is applied to form coplanar waveguide pattern on the photoresist layer; (ii) Bi-metal layer (20 nm Ti/100 nm Au) is deposited on the graphene sheet by E-Beam evaporation at 1/s deposition rate; (iii) Unwanted metal is removed by lift-off. "Process II" also includes three stages: (i) A pair of 48 × 48 µm 2 (48 × 240 µm 2 ) photoresist pattern stick on the graphene sheet between the signal line of coplanar waveguide and the ground; (ii) the graphene sheet that is not covered by photoresist is etched away by the 60-second oxygen plasma at 30 sccm gas flow rate; (iii) photoresist is finally stripped with the acetone followed by a sample rinse with the isopropyl alcohol and deionized water. 
EXPERIMENTAL VERIFICATION
We impose a DC bias tee to the ground-signal-ground probe and measure the DC response of the graphene flakes placed between the signal line and ground. Two features can be clearly observed from the current-voltage characteristics of single graphene flake in Fig. 3 . First, the flake behaves like a constant resistance obeying the fundamental Ohmic law. The measured resistances of 48 × 48 µm 2 and 48 × 240 µm 2 graphene flakes are 938.3 Ω and 189.7 Ω, respectively. Second, the ratio between the two resistances is 4.94, which is almost identical to the width ratio of 5 between the two graphene flakes. These two features undoubtedly confirm the theoretical assumption of treating graphene as a resistive surface with R s DC equal to 938.3 Ω/ (R s DC = R × (W/L)). According to the Kubo formula, graphene sheet resistance remains constant in the desired frequency range, DC to 40 GHz. Therefore, the sheet resistance of graphene is defined by R s DC in the fullwave electromagnetic simulation Ansoft HFSS. And the simulated and measured results are to be comparatively studied afterwards. A pair of ground-signal-ground 150 probes (Cascade Microtech) are utilized to connect the graphene-embedded coplanar waveguide with vector network analyzer (Aglient's E8316A). Standard calibration process "short-open-load-through (SOLT)" is performed before the measurement. Apart from 48 × 48 µm 2 and 48 × 240 µm 2 settings, an identical coplanar waveguide without graphene is also fabricated for comparison. Fig. 4 depicts the simulated and measured power transmission coefficient |S 21 | for the three coplanar waveguide configurations. The measured results agree well with the simulated ones; this validates the frequency-independent constant resistive surface model at the microwave frequencies which can be directly calculated from DC measurement. The transmitted power decreases once the graphene flake is loaded; and will further drop as the width increases. This phenomenon can be understood by a simple parallel circuit model where the graphene flake is equivalent to a resistance parallel to the matched 50 Ω load of the probe. When the width of the graphene flake dilates, the parallel resistance decreases leading to an impedance mismatching between input ports.
To further testify the model and take the advantage of the high-loss property, a 6 × 6 mm 2 sized graphene coplanar termination is fabricated and measured. Both the signal line and ground of the coplanar termination are mostly constituted by graphene as shown in Fig. 5(a) . Doped silicon with oxidation layer is selected as supporting substrate considering that the dissipation by the low cost substrate can boost the performance of termination. Due to the dielectric contrast between the transparent graphene and SiO 2 [21] , transferred graphene becomes visible under the optical microscope. Fig. 5(b) shows the zoom-in photo of the red dashed line region at Fig. 5(a) and all the compositions of the manufactured termination can be discerned clearly. Microwave termination is an one-port device, and therefore only one ground-signal-ground probe is employed in the measurement set-up.
The simulated and measured power reflection coefficients |S 11 | of three identical samples (named DUT 1-3) are plotted in Fig. 6 . The repeated experimental results show consistence to the simulation, which further verifies the constant sheet resistance model. The graphene coplanar termination exhibits broadband power-dissipation properties. |S 11 | approaches −10 dB at 5 GHz and drops down to −20 dB at 40 GHz. The inset of Fig. 6 discloses the power absorption percentage of the graphene termination by using (1 − |S 11 | 2 ). Nearly 90% of power is dissipated in this structure when the operating frequency is larger than 5 GHz. At 40 GHz, the power dissipation approaches 99%. Take the concise vertical dimension and broadband properties into consideration, the graphene coplanar termination offers another choice for microwave termination.
CONCLUSION
This work carries out a suit of systematic experiments on graphene based standard microwave components. After comparing the experimental results with theoretical ones, we conclude that from DC to 40 GHz, graphene can be modelled as a resistive surface with a constant surface resistance. Once the DC sheet resistance is measured, researchers can use this value to model graphene at low frequencies, which is helpful for practical application. This unique frequency-independent behavior origins from the negligible skin effect which distinguishes graphene from metallic materials. In future work, a switchable or electrically tunable transmission line based on the graphene-embedded coplanar waveguide will be realized.
